Geomorphological mapping is a fundamental discipline used to understand the development of a landscape. To date, there have been no published reports assessing the applicability of a detailed geomorphological mapping approach in a New Zealand mountain environment. This study attempts to evaluate the applicability of the fifth version of the "green" legend of the Geomorphologische Karte 1:25 000 (GMK 25) and to propose adaptations for further incorporation with ArcGIS. A geomorphological map was constructed for a portion of the Upper Waimakariri Catchment using GMK 25. The approach proved successful for this study with adaptations and omissions based on the availability of third party data. The mapping process herein suggests GMK 25 can be useful, but more trials with varying levels of expertise are required to properly determine applicability within the geomorphological community. 
Introduction

Geomorphological Mapping
Geomorphological mapping can be a valuable resource for a wide spectrum of scientific and infrastructural endeavors. These maps can be used by field geologists, geographers, hazard management, ecological studies, civil engineering, and more. In this study, geomorphological mapping is divided into holistic and process-oriented approaches. The holistic approach is one that takes all geomorphological processes into account for a selected area, and the process-oriented approach focuses only on the features that apply to a specific study. Some prefer the holistic approach due to its comprehensive representation, but it has seen a decline in popularity since the 1980's partially because it is time consuming and costly (Gustavsson et al 2006) . Would improving efficiency reestablish holistic geomorphological mapping as a valuable and viable resource?
In its most basic form, the geomorphological mapping process consists of three parts -when a study area is selected (and any relevant literature is examined), a mapping team uses remote sensing to construct a field map, ground-truths any questionable observations, and finalizes the map for publication. The goal of any geomorphological mapping approach is to include as much detail as possible while maintaining readability and minimizing subjectivity. This goal is more easily reached with process-oriented maps since the content is streamlined to the study's aims, whereas holistic mapping involves many processes interacting and overlapping each other. Therefore, the holistic approach requires more choices regarding the representation and organization of features.
Mapping teams organize a legend concerning the following visual aspects of a map: colors, symbols, hashing, letters, and numbers. Color is the most striking and therefore signifies the most important parameters of a map. For many mapping approaches (including GMK 25), color is used to represent process or genesis. Symbols (lines, points, etc.) are used commonly for singular, definable features or, when used as a pattern, can represent generalized areas such as boulder fields and areas dominated by linear landforms. Varying degrees of hashing or shading often depicts relief elements. As all of these components are printed together, holistic maps are extremely dense with information.
Geomorphological mapping legends vary from author to author, and at times from map to map. M. Gustavsson (2006) has conducted an in depth look at how major European mapping approaches vary and also proposed his own legend ( Therefore, the deviations for each system, however justified by each respected group, may not provide a definitive superior method. The minor differences amongst major mapping systems constitutes the greatest obstacle to the standardization of geomorphological map legends.
Geomorphological Mapping and GIS
Many approaches outlined above predate GIS and technological advances that allow sharing of data, and therefore include detailed information individually collected at the authors' (or the funding organizations') expense. Layers representing relief, lithology and structure, and topography were each author's responsibility. With advancements in GIS and increasing access to databases worldwide, contemporary authors may not be required to produce a number of these elements themselves. This study aims to test how effectively GMK 25 can be applied to a typical New Zealand mountain environment and to determine what aspects of the mapping process can be replaced by data already available while using GIS.
GMK 25
GMK 25 is a holistic mapping approach developed between 1976 and 1986 in Germany as part of the GMK priority program, funded by the German Research Society (Leser & Stäblein 1985) . The approach utilizes combinations of signatures, lines, and colors to represent features related to geomorphometry, geomorphography, substrate material, geomorphodynamics, and geomorphogenesis ( Figure 1 ). The GMK 25 legend is based on a "building-block-principle" (Leser & Stäblein 1985) , which is the combination of multiple representative symbols or colors to form specific geomorphological features customizable to each region. This provides a flexible and specific toolset that has been applicable to all relief types in Central Europe (Leser & Stäblein 1985) .
Study Area
GMK 25 was developed in and for Central European landscapes and has been proven successful there, but one cannot assume a system used in one area can be applied somewhere else due to variability in lithology, paleoclimate, structure, etc. that would have a profound impact on landscape development. That said, Central Europe and New Zealand have one large aspect in common -their Alps. These extensive mountainous regions were formed largely by the collision of tectonic plates, and both have experienced glaciation and denudation. That said, the Southern Alps of New Zealand are younger, are have different lithologies and geometry. Also, the Southern Alps experience a higher denudation rate, partially attributed to the westerly atmospheric system and greater rates of uplift (Fitzsimons & Veit 2001) . These alpine environments, having experienced glaciation, uplift, and fault activity, are similar enough that GMK 25 may be applicable, but they are not identical enough to assume so.
The Waimakariri River is located in North Canterbury on the eastern side of New Zealand's southern island. Its source is in the Southern Alps, and it drains into Pegasus Bay near Kaiapoi, north of Christchurch. The Waimakariri Valley experienced five major glacial advances during the mid-to late-Pleistocene that have impacted its overall geomorphology, namely (in chronological order) the Avoca, Woodstock, Otarama, Blackwater, and Poulter (Rother et al 2015) . The Upper Waimakariri Valley had been occupied by trunk ice during these advances, and a portion of the glacier crossed Cornishman's Rise, Corner Knob, and Goldney Saddle during each advance and rejoined the trunk south of Sugarloaf in all but the Poulter (Figure 4) . When the Waimakariri Glacier retreated post-Poulter, Glacial Lake Speight filled much of the Waimakariri Valley between Howdon River and Mt. Binser (Rother et al 2015) . Since the last major glacial retreat and the drainage of Glacial Lake Speight, the Waimakariri valley has been dominated by fluvial and gravitational processes.
The Upper Waimakariri Catchment was selected for this study due to its mix of active and relict features, the availability of literature regarding glacial history, and its mountainous environment. The site is also accessible from the University of Canterbury and a university field station is available nearby.
Methods and Materials
The following materials were used in creating the map:
• black and white aerial photos (New Zealand Aerial Imagery SN 5060 E/12-16)
• Google Earth imagery
• NZTM topographic map (Topo50 Sheet BV20 v.1.02 2000 Ltd 2008-09,11,13. Scale 1:25 000)
A field map was constructed using remote sensing and ground-truthing, and then digitized through ArcMap 10.2. The geomorphological mapping system used was GMK 25 with adaptations discussed in section 4.
Results
See attached "Waimakariri_GMK25.pdf" Appendix 1 includes the legend for NZTM Topo50. The complete legend for GMK 25 is available on request.
Discussion
GMK 25 was an effective geomorphological mapping system for this study. The fifth version of GMK 25 includes elements that were necessary mainly because the approach predates the development of GIS. There are substantial datasets available now that need to be taken into consideration while using GMK 25. The authors would make the following recommendations for more efficient use of this approach in New Zealand.
o GMK 25 presents slope angle by varying degrees of hashing. This data could easily be replaced by DEMs while using GIS. This would clear up significant space for lines, points, and other symbols and save time and effort. Capabilities in GIS would also allow users to toggle the DEM on and off for analysis or printing.
o New Zealand is dominated by braided river systems, which by definition are built up of many small channels contained in a valleys. Since these channels are highly mobile and any bars formed are short-lived, mapping each active channel is not recommended in these landscapes.
o Lithology should not be mapped by the author because basic geologic maps are available through the Institute of Geological and Nuclear Science (GNS). These should be included as already completed data files in ArcGIS.
o Surface rocks and substrate material is not commonly available and therefore should be mapped by the authors. This study did not include this layer because substrate information was unavailable due to accessibility and time constraints.
Obstacles faced during this study include user difficulties with ArcGIS, time constraints, and accessibility in the field. As an undergraduate level project, this study is the first major endeavor using ArcGIS and therefore applies to a specific level of experience. That said, the structure of the GMK 25 legend can be applied to organizing the Catalog and Table of Contents within ArcMap, which is where much of the difficulty arises for new users. The eight layer categories provide a framework though which a new user can follow. The user first inputs his or her collected raw data such as breaks of slope, valleys and drainageways, singular landforms, and substrate material, then use said data to make the interpretations necessary to map areas of geomorphological processes. Geomorphology does not have an ESRI style set in ArcGIS 10.2. A project began in Austria to incorporate the high mountain version of GMK 25 by digitizing the symbology and making it available to download for free. This project was unfortunately abandoned in 1998. Therefore, authors in this study were required to generate new symbols for use in GIS, which provided more opportunity for error and confusion. The study also had time constraints based on the semester layout at the University of Canterbury, consequently much of the in depth field work could not be completed within this study (specifically the analysis of substrate material).
Obstacles aside, the GMK 25 approach was still successful in that a geomorphological map could be produced at the undergraduate level within a relatively short amount of time.
Conclusion
As an undergraduate student with basic understanding of GIS and geomorphological mapping, I found GMK 25 worked well with adaptations. Layers that can be acquired from a third party organization should be included in the map as completed data files, not created again by the author. This process would save time, saving money, as the mapping process would be comprised of gathering and synthesizing data already available and supplementing raw data compiled through remote sensing and ground trothing. The layers organized by GMK 25 would be clear and completely customizable to be used with process-oriented maps or printed as one holistic geomorphological map.
Future Work
Multiple tests with varying levels of experience and types of environments would allow geomorphologists to properly discern the viability of this system in New Zealand. If, in the future, it is proven to be successful, still more trials of the system are required to develop an even more efficient and cost effective method.
Future work may also include digitizing the complete GMK 25 legend to increase efficiency working with ArcGIS. (Gustavsson 2005) 
